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ABSTRACT: 

A side pumped, fiber optic amplifier comprises an optical fiber (12), having a first refractive index, 
formed of a laser material, such as Nd:YAG. A jacket (14), which surrounds the optical fiber (12), 
has a second refractive index, lower than the first refractive index. This jacket (14) is cone shaped 
and tapers from a large end (16) to a small end (18). High power laser diodes are mounted on 
the large end (16) to produce collimated pump light to pump the optical fiber material. The cone 
shaped jacket (14) focuses this pump light to an interaction region at the small end (18), where 
the jacket material is quite thin, e.g. on the same order of magnitude as the diameter of the 
optical fiber (12). The focused light is absorbed by the optical fiber (12) in this interaction region, 
and causes an electronic population inversion in the laser fiber material. A signal propagating 
through the optical fiber (12) stimulates spontaneous emission from the optically excited laser 
material, thereby resulting in amplification of the signal. 
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0 Fiber optic amplifier. 



© A side pumped, fiber optic amplifier comprises an optical fiber (12), having a first refractive index, formed of 
a laser material, such as Nd:YAG. A jacket (14), which surrounds the optical fiber (12), has a second refractive 
index, lower than the first refractive index. This jacket (14) is cone shaped and tapers from a large end (16) to a 
small end (18). High power laser diodes are mounted on the large end (16) to produce collimated pump light to 
pump the optical fiber material. The cone shaped jacket (14) focuses this pump light to an interaction region at 
the small end (18), where the jacket material is quite thin, e.g. on the same order of magnitude as the diameter 
of the optical fiber (12). The focused light is absorbed by the optical fiber (12) in this interaction region, and 
causes an electronic population inversion in the laser fiber material. A signal propagating through the optical 
fiber (12) stimulates spontaneous emission from the optically excited laser material, thereby resulting in 
amplification of the signal. 
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FIBER OPTIC AMPLIFIER 



The present invention relates to fiber optic amplifiers. 

The concept of optical amplifiers, based upon the lasing capability of certain materials, particularly on a 
macroscopic level, is well known. Thus, for example, it Is known to place a pumping light source and a 
single crystal neodymium-yttrium aluminum garnet (NdrYAG) rod, several millimeters in diameter and 

5 several centimeters in length, in a tubular reflective cavity. For example, the light source and Nd:YAG rod 
may be located, respectively, to extend along the two foci of a cavity having an elliptical cross section. In 
such an arrangement, light emitted by the light source and reflected from the cavity walls will impinge upon 
the Nd:YAG rod. The light source is preferably selected to emit wavelengths corresponding to the 
absorption spectra of the Nd:YAG crystal so that the energy states of the neodymium ions of the crystal are 

w inverted to an energy level above the upper lasing level. After inversion, an initial relaxation of then 
neodymium ions through phonon radiation yields anion population at the upper laser level. From the upper 
laser level, the ions will relax, to a lower energy level, emitting light of a wavelength which is characteristic 
of the Nd:YAG material. Advantageously, this tower energy level is above the ground level for the ions so 
that a rapid, phonon-assisted relaxation will occur between this lower energy level and the ground level, 

75 enabling a high inversion ratio to continue to exist between the upper laser level and this lower energy level, 
within the pumped ions. 

With the population so inverted, as is well known from laster technology, the Nd:YAG will also provide 
fluorescence, that is, random emission of incoherent light This spontaneous radiation takes place with a 
time constant equal to the average lifetime of ions in the inverted state is 230 microseconds for Nd:YAG. 

20 If, after the neodymium ions of the Nd:YAG rod have been inverted, a light signal at the laser transition 
. frequency is transmitted through the rod, the signal photons will trigger the transition of the neodymium 
ions, to the lower energy level, causing coherent emission of stimulated radiation, which will effectively add 
to the transmitted signal, thus amplifying this signal. 

The absorption length of the Nd:YAG crystal at the pump wavelength (i.e., the length of material through 

25 which the illumination must traverse before 60% of the illumination is absorbed) is typically about 2 
millimeters or more, and thus the Nd:YAG crystals used in amplifying structures have had diameters at 
feast this large so that the crystal could absorb a substantial portion of the pumping radiation during the 
initial reflection from the cavity walls and passage through the crystal. If, during this initial traverse through 
the crystal, the pumping illumination is not absorbed, it is likely to be reflected by the cavity walis back to 

30 the light back to the light source, where it will be reabsorbed, it is likely to be reflected by the cavity walls 
back to the light source, where it will be reabsorbed, generating heat in the light source and reducing the 
overall efficiency of the amplifier. 

When such large diameter Nd:YAG rods are used as amplifiers in fiber optic systems, it has been 
thought necessary to use optical components, such as lenses, to focus the light signal from the optical fiber 

35 into the NdrYAG rod, and the amplified light signal from the Nd:YAG rod back into another fiber. Such 
optical systems require careful alignment and are susceptible to environmental changes, such as vibration, 
and thermal effects. Additionally, the optical components and the size of the NdrYAG rod make the 
amplifying system relatively large, and thus impractical for certain applications. Furthermore, the large size 
of the Nd:YAG rod requires a targe mount of input pump energy in order to maintain a high energy density 

40 within the rod and allow for a significant optical gain. Such large pump power requires high output pump 
light sources, generating substantial heat which must be dissipated, typically by liquid cooling of the cavity. 

While amplifiers of this type are useful in many applications, such as some communication applications, 
use in a recirculating fiber optic gyroscope puts severe restrictions upon the amplification system. With 
such gyroscopes, optical fiber, typically a kilometer or more in length, is wound into a loop, and a light 

45 signal is recirculated within the loop, typically in both directions. Motion of the loop causes a phase 
difference between the counter-propagating light signals which may be used to measure gyroscope rotation. 
In such gyroscopes, the phase difference induced in one signal pass around the fiber is relatively small, 
and It Is advantageous to recirculate th light signal within the loop as many times as possible to increase 
this phase difference. 

so In traversing a kilometer of optical fiber, an optical signal will typically lose 30 to 50 percent of its 
intensity. If an amplifier were placed In series with the loop, and were capable of amplifying the bidirectional 
counter-propagating light signals by 2 to 3 dB, it would permit a light signal to propagate many times within 
th loop. 

Unfortunately, the relatively large size, high power and cooling requirements of prior art Nd:YAG rod 
amplifiers, as described above, make such amplifiers relatively Impractical for high accuracy gyroscopes. 
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These factors, of course, also limit the utility of such amplifiers in other applications, such as communica- 
tion networks. 

The German patent application DE-A-28 44 129 discloses a NchYAG fiber optic laser comprising an 
optical fiber comprising a core and a cladding surrounding the core and having a lower refraction index than 

s the core. A mirror is placed at one end of the fiber and semiconductor diodes are located at the other end 
of the fiber so as to introduce pumping light into the laser fiber. The semiconductor diodes cover both the 
core portion and the cladding portion of the fiber. The cladding is surrounded by a casing comprising a 
reflective surface. A portion of the pumping light propagates through the laser medium after reflection 
against the reflective surface of the casing and causes electronic population inversion in the laser fiber. The 

70 casing may be cylindrical or may comprise a tapered portion. In another embodiment, the casing comprises 
two tapered portions connected to each other by the small ends of the tapered portions. One disadvantage 
of this fiber optic laser, however, is that its efficiency is relatively low. 

/5 Summary of the Invention 



According to a first aspect of the present invention, as claimed in Claim 1 . there is disclosed a fiber 
optic device for producing coherent light, characterized by a light source for producing collimated pump 

20 light; an optical fiber, for guiding an optical signal, the fiber formed of a laser material, and having a first 
refractive index; a jacket, surrounding at least a portion of the optical fiber, and having a second refractive 
index. The jacket comprises a first end for receiving the pump light; a second end, having a diameter 
smaller than the first end; and a transition portion, between the first and second ends, for focusing the pump 
light from the first end to the second end, the second index of refraction lower than the first index of 

25 refraction to cause the focused pump light to refract from the jacket into the fiber to cause inversion of the 
electronic population of the laser material to permit the optical signal to stimulate the emission of photons 
from the laser material. 

The thickness of the jacket at the second end is preferably no more than one-haif the radius of the 
optical fiber. Typically, the fiber optic device of the present invention comprises a light source for producing 
30 the pump light. The pump light source preferably produces collimated light, in a preferred embodiment of 
the present invention, the light source is mounted to introduce the pump light into the first end at a location 
which is radially offset from the optical fibers. 

The pump light source may also comprise a high power laser diode, oriented such that the lengthwise 
direction of the emitting area is normal to a radial line passing through the central longitudinal axis of the 
35 jacket The preferred pump light source emitting collimated light comprises a high power laser diode and a 
collimating microlens. 

The jacket is preferably symmetrical about its central longitudinal axis, and the optical fiber lies along 
the central longitudinal axis of the jacket. It may provide a cladding for guiding the optical signal within the 
optical fiber. 

40 According to a second aspect of the present invention as claimed In Claim 8, there is disclosed a 
method of side pumping an optical fiber formed of a laser material to cause inversion of the electronic 
population of the material. This method is characterized by surrounding the optical fiber with a jacket having 
an index of refraction lower than the optical fiber, the jacket having a cross section at one end which is 
large compared to the cross section at the other end; introducing collimated pump light into the one end of 

45 the jacket; focusing the pump light from the one end of the jacket to the other end; and refracting the 
focused pump light from the other end into the dptical fiber along the periphery thereof to cause the 
population inversion. 

The thickness of the jacket at the other end is preferably less than one-half of the radius of the optical 
fiber. 

50 

Brief Description of the Drawings 

55 These and other features of the present invention are best understood to reference to the drawings, in 
which: 

Figure 1 is a diagram showing the physical arrangement of the preferred embodiment of the amplifier 
of the present invention showing a Nd:YAG optical fiber buried in a cone shaped jacket; 
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Figure 2 is an elevation view of one end of the arrangement of Figure 1 showing laser diodes and 
collimating lenses mounted on the large end face of the cone shaped jacket, and illustrating a preferred 
orientation for the laser diodes in which the dimension parallel to the laser diode junction (i.e., lengthwise 
dimension of the junction is disposed normal to a radial line passing through the longitudinal axis of the 
5 cone shaped jacket; 

Figure 3 is an elevation view of the other end of the arrangement of Figure 1 illustrating the reduced 
thickness of the jacket in the interaction region; 

Figure 4 is a schematic diagram showing the optical path of an exemplary ray as it propagates 
between the air/jacket boundary on one side of the amplifier structure to the air/jacket boundary on the 
io other side of the amplifier structure over a length d of the interaction region; 

Figure 5 is a graph of pumping efficiency as a function of the ratio of fiber radius to thickness of the 
jacket for two exemplary limit values of the jacket refractive index, namely. 1.45 and 1 .80; 

Figure 6 is a graph of pumping efficiency as a function of the pump ray propagation angle for various 
values of the ratio of fiber radius to the thickness of the jacket for exemplary values of refractive index of 
is the amplifier fiber and the jacket, namely 1 .82 and 1 .45, respectively; 

Figure 7 is a perspective enlarged view of one of the light sources of Figures 1 and 2; 

Figure 8 is a diagram showing the absorption spectrum of Nd:YAG at 300° K; 

Figure 9 is a simplified energy level diagram of a four level laser material, such as Nd:YAG; 

Figure 10 is an energy level diagram of Nd:YAQ; and 
20 Figure 11 is a diagram showing the physical arrangement of an alternative embodiment of the fiber 

amplifier of the present invention in which the amplifier fiber is pumped from opposite directions. 



25 Detailed Description of the Preferred Embodiment 



Referring initially to Figures 1 to 3, the preferred embodiment of this invention includes a signal or 
amplifier fiber 12, which is surrounded by a jacket 14. 

30 The signal fiber 12 comprises a laser material, which may be formed as a single crystal of ion doped 
material, such as Nd:YAG, which has a laser transition at the frequency to be amplified, i.e., the signal 
frequency. In an exemplary configuration, the signal fiber 12 may have a diameter of approximately 100 
microns, which is uniform along its length. 

The surrounding jacket 14 may be formed from a variety of materials such as glass, crystal materials, 

35 expoxies, low loss plastics, or liquids (if contained in a suitable preform or mold). In the preferred 
embodiment, the Jacket 14 is quartz. This jacket 14 is cone shaped and has a large end 18 which tapers to 
a smalt end 18 with a transition portion 20 therebetween. By way of specific example, the large end 16 may 
have a diameter of about 3 millimeters; the small end 14 may have a diameter of about 200 microns; the 
length of the transition portion 20 between the end portions 16. 18 may be about 1 centimeter; and the 

40 taper angle & may be about 8* . It will be recognized that the drawings are not to scale, but only illustrative. 
The jacket 14, in the preferred embodiment is symmetrical about its central longitudinal axis 40 (Figure 2) 
and the fiber 12 is disposed along the longitudinal axis 40 of the jacket 14. Advantageously, since the jacket 
14 surrounds the fiber 12, the ends 30, 32 of the fiber 12 are readily accessible for e.g. butt coupling to e.g. 
transmission or carrier fibers (not shown). 

45 As best seen in Figure 2, the large end 16 of the jacket 14 has a planar face 22 which has a diameter 
which is large compared to the diameter of the fiber 12 to permit the mounting of plural pump light sources 
24 thereon. The plural pump light sources 24 are mounted on the face 22 to input pump light into the large 
end 16 of the cone shaped jacket 14. Preferably, the light input by the sources 24 is collimated, so that Its 
direction of propagation is initially parallel to the central axis of the cone shaped jacket 14 and parallel to 

so the signal fiber 12. 

For the description which follows, it will be assumed that an input light signal Si, which is to be 
amplified, is input to one end 30 of the signal fiber 12 and is output, after amplification, from the other end 
32 of the fiber 12 as an output light signal S 0 . It should be recognized, however, that in many applications, 
such as communication and rotation sensing applications, signals will be input at both ends 30, 32 of the 
55 fiber 14 and should be uniformly amplified regardless of the direction of propagation through the fiber 12. 

The jacket 14 is transparent to the wavelength of light from the pumping sources 24. It is preferable that 
the jacket 14 have as low a loss characteristic at this frequency as possible, whereas it is advantageous to 
have the absorption length of the Nd:YAG fiber 12 at this frequency as short as possible. As may be seen 
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from Figures 1 to 3 f th jacket 14 advantageously provides a 360* interface with the fiber 12, and thus, 
provides a large fiber to jacket contact area for transferring pump light from the jacket 14 to the fiber 12. 

The indices of refraction of the fiber 12 and the jacket 14 ar selected to permit the signal fiber 12 to 
guide the signal Si input at its end 30. Thus, the jacket 14 provides a cladding for the fiber 12, which is 
5 advantageous for reducing propagation losses in the fiber 12, particularly if the refractive index of the jacket 
14 is close to, but slightly lower than, the refractive index of the fiber 12. For example, the use of a high 
Index glass for the jacket 14 in combination with the Nd:YA6 fiber would yield relatively low propagation 
losses in the fiber 12. 

The indices of the jacket 14 and fiber 12 are also selected to allow tight from the pumping sources 24 

10 to enter the fiber 12 from the jacket 14 and to be at least partially absorbed by the fiber 12. Thus, in the 
preferred embodiment, the Nd:YAG fiber 12 has a refractive index ni equal to about 1.82. The quartz jacket 
14, on the other hand, has an index of refraction n 2 of about 1.45. Finally, the refractive index n 3 of the 
material surrounding the jacket 14, is less than the refractive index n 2 of the jacket 14. Thus the refractive 
indices are selected such that ni>n2>n3. In the example shown In Figure 1, the refractive index n 3 is 

75 formed by air, although it should be understood that a secondary cladding may surround the jacket 14 to 
reduce losses which may otherwise occur at the interface between the jacket 14 and the surrounding air, 
due to surface irregularities, and resultant scattering, in the jacket 14. 

As the light pump enters the cone shaped jacket 14, it undergoes multiple total internal reflections so as 
to focus and compress the light as it propagates towards the small end 18. For clarity of illustration, only a 

20 single ray 26 is shown as entering the cone shaped jacket in Figure 1. It will be seen that due to the taper 
geometry of the cone shaped jacket 14, the ray 26 makes multiple total Internal reflections at successively 
greater angles of incidence with respect to the wail of the cone shaped jacket 14. As is well known In the 
art, the term "angle of incidence" defines the angle between a ray (e.g. the ray 26) and a line drawn normal 
to the reflecting surface (e.g. wall of the jacket 14) at the point of incidence of the ray with that surface. The 

25 ray will be totally reflected at the wall of the jacket 14, so long as the angle of incidence is greater than an 
angle, commonly referred to as the w critical w angle, which depends upon the difference in the indices of 
refraction between the jacket 14 and surrounding medium. In the preferred embodiment, the Jacket is 
formed of amorphous quartz (fused silica), while the surrounding medium is air, yielding a critical angle of 
about 43.6*. Accordingly, the cone angle 8 and cone length should be selected such that as light passes 

30 through the jacket 14, from the end 16, to the end 18, the angle of incidence is less than the critical angle, 
so that substantially all of the light entering the large end 16 of the jacket 14 will be coupled to the small 
end 18. In general, the required cone angle depends upon the ratio of the area of the input face 22 relative 
to the cross sectional area of the end 18, as well as the difference in index of refraction between the jacket 
14 and the surrounding medium (e.g., air). Mathematical techniques for calculating the cone angle are well 

35 known in the art, and are described e.g. in Fiber Optics: Principles and Applications , by N. S. Kapany, 
Academic Press (1967). pages 18-22. Although the angles of incidence successively increase as light 
propagates through the jacket 14, the angle of incidence will eventually stabilize when the diameter of the 
jacket 14 or other guiding structure becomes uniform, e.g. at the end 18, where the thickness of the jacket 
14 surrounding the fiber 12 becomes generally uniform through a length 27, which will be referred to as the 

40 interaction region 28. 

Thus, the cone shaped jacket 14, in effect, focuses the collimated pump light input by the sources 24 
into the small end 18 and compresses the pump light so that the optical density (i.e. intensity per unit area) 
of the pump light is increased at the small end 18. This focused light is absorbed along the length 27 by 
the Nd:YAG material, which causes an electronic population inversion in the interaction region 28 so as to 

45 permit amplification. Those skilled in the art will understand that the ray 26 will be refracted at the jacket 
14/fiber 12 interface. For clarity of illustration, such refraction of the ray 26 is not shown in Figure 1, but will 
be discussed in detail befow, in reference to Figure 4. 

From the above description, it will be understood that, because the refractive index ni of the fiber 12 is 
greater than the refractive index n 2 of the jacket 14, signals input at the end 30 of the fiber 12, which are to 

50 be amplified by the system, are well guided within the fiber 12. Because the refractive index ni of the fiber 
12 is greater than the refractive index n a of the jacket 14, the pumping light from the sources 24 will be 
refracted into the fiber 12. However, this pump light, as shown by. the exemplary ray 26 of Figure 1 will be 
guided by the jacket 14, since the index of refraction n 2 of the jacket 14 is greater than the index of 
refraction n3 of the surrounding material (e.g. air), provided the cone angle 6 is properly chosen. Thus, the 

55 pumping illumination will be guided within th confines of the jacket 14 for ultimate absorption by the fiber 
12. As shown In Figure 1, the pumping illumination, exemplified by the ray 26, will be absorbed by the 
Nd:YAG fiber 12 at a rate which is proportional to the ratio of the path length through the fiber 12 to the 
total path length through the fiber 12 and jacket 14. For this reason, it is advantageous to make the size of 
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the jacket 14 as small as possible, particularly through the length 27 In the interaction region 28, to increase 
the absorption per unit length of the Nd:YAG fiber 12. As best seen in Figures 1 and 3, the jacket 14 is 
quite thin in the interaction region 28, being e.g. on the same order of magnitude as the radius of the fiber 
12. 

5 Figure 4 is a schematic diagram showing one pass of the ray 26 through the signal fiber 12 as the ray 
propagates through a longitudinal distance d in the interaction region 28. For clarity of illustration, the ray 26 
is assumed to be an axial ray, I.e. a ray which continuously lies in a plane passing through the longitudinal 
axis 40 (Figure 2) of the fiber 12. As shown in Figure 4, the pump ray 26 undergoes a total internal 
reflection at an angle 0 P at the interface between the quartz jacket 14 and surrounding air for propagation 

to towards the signal fiber 12. At the interface between the jacket 14 and signal fiber 12, the ray 26 is 
refracted such that it enters the signal fiber 12 at an angle d a . The ray 26, after propagating transversely 
through the signal fiber 12, is again refracted such that it again enters the quartz jacket 14 at an angle of e p . 
Upon reaching the interface between the quartz jacket 14 and surrounding air, the ray 26 is again totally 
internally reflected at an angle 0 P . This sequence repeats itself multiple times along the interaction region 

75 28. 

During the above-described propagation of the ray 2 through the distance d in the interaction region 28, 
the ray 26 first traverses an optical path p through the upper portion of the pump guide or jacket 14, then 
traverses an optical pathlength p' through the signal fiber 12, and finally traverses the optical path length p 
through the lower portion of the pump guide or jacket 14. Thus, the total pathlength of the ray 26 in the 
20 amplifier fiber 12 is p' while the total pathlength in the pump guide t4 Is 2p. Since passage of the pump ray 
26 through the pump guide 14 does not contribute to pumping the fiber amplifier, the amount of pump 
power absorbed along a length L of the interaction region 28 of the amplifier is dependent upon the ratio of 
the pump ray path in the signal fiber 12 to the total ray path over the distance L Such absorbed pump 
power per length L may be defined as follows: 

25 P exp (-a a J?L) (1) 

where a a is the absorption coefficient of the amplifier medium at the pump frequency and tj is the efficiency 
factor of the pump structure. The efficiency factor is defined as the ratio of the ray path in the amplifier to 
the total ray path over the distance U where L is large in comparison to d (Figure 4). Thus, if the efficiency 
factor ij is 1.0, the pump light spends all of its time In the signal fiber 12, while if the efficiency factor is 
30 zero, the pump light spends no time in the signal fiber 12. 

In the schematic diagram of Figure 4 f q Is simply equal to: 



35 



40 



P' , (2) 
P* + 2p 



From simple trigonometry, it can be shown that: 

e cosQ 

n(e) = *- 2\ h < 3) 

e cos9 p + U-Uj/r^sinep) 'V 2 

45 where e is the ratio of the radius r a of the signal fiber 12 to the difference between the radius r c of the entire 
structure and the radius r a of the signal fiber. Stated another way, 6 is equal to the ratio of the signal fiber 
radius r a to the jacket thickness r p ; and n 2 and nt are the refractive indices of the jacket 14 and fiber 12. 
respectively. Thus: 

so r 

£ = * (4) 

r c - r a 

55 If the refractive index ni of the amplifier fiber 12 is only slightly higher than the refractive index n z of 
the jacket 14, equation (2) reduces to: 
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n(9) 



a 



(5) 



5 Thus, the efficiency of the amplifier, in terms of power adsorption, is highly dep ndent upon the radius 
of the fiber 12 compared to the radius of the overall structure in the interaction region 28. Accordingly, it is 
preferable to make the jacket 14 as thin as possible through the interaction region 28, and even more 
preferable, to taper the jacket 14 such that the fiber 12 is unclad through the interaction region 28. Those 
skilled in the art, however, will recognize that, depending on the size of the fiber 12, it may be difficult to 
focus the pump light tightly enough such that most of its energy will remain in the unciad fiber 12. 
Typically, the tighter the focus, the higher the losses as light is focused through the cone shaped jacket 14. 

As may be seen from Figure 5, which assumes that 6 P equals 0 O (i.e. pump ray angle of incidence 
equals the critical angle), the efficiency factor approximately doubles by increasing e from 0.5 to 2, but 
further increases in e provide relatively smaller increases in the efficiency factor. Further, Figure 5 shows 

15 that, by Increasing the refractive index of the jacket 14 from 1.45 to 1.80 (which is closer to the 1.82 
refractive index of the Nd:YAG fiber 12), there is only a small increase in the efficiency factor. Moreover, as 
shown in Figure 6, the efficiency factor ? is fairly constant over a broad range of angles near the critical 
angle 9 Q for ail values of «, and the efficiency factor is at a maximum when 6 P equals 6 Q . From Figures 5 
and 6, it will therefore be recognized that, the value of e should preferably be greater than 2, and thus, the 
radius r a of the amplifier fiber 12 should preferably by at least twice the thickness r p of the jacket in the 
interaction region 28. Stated another way, the overall radius r c should be less than 1£ times the radius r a of 
the amplifier fiber 12. The values shown in Figures 5 and 6 were calculated utilizing equation (2), for a 
Nd:YAG amplifier fiber having an index of refraction of 1.82. The values shown for Figure 8 assume a quartz 
pump guide or jacket having an index of refraction of 1.45, while Figure 5 is plotted for a jacket refractive 
index of 1 .80, as well as 1 .45. 

In order to excite higher order modes, the light sources 24 may be mounted at locations on the face 22 
which are offset from the center of the face, towards the periphery, as shown in Figure 2. It will be 
understood from the ray diagram of Figure 1 that rays entering the face 22 near the periphery of the large 
end 16 (e.g. the ray 26) will have higher angles of incidence by the time they reach the end 18 than 

30 corresponding rays (not shown) which are input closer to the center of the face 22. According to ray theory, 
such increased angles of incidence are indicative of higher order modes. 

Such higher order modes may be advantageous for excitation of the fiber laser material, since the rays 
(e.g. the ray 26) will make an increased number of reflections, and thus, an increased number of passes 
through the signal fiber 12 as they propagate along the length 27 of the signal fiber 12, thereby minimizing 

35 the length required for substantial absorption of the pump light by the fiber 12 in the interaction region 28. 
In other words, even though the path of a single ray laterally through the Nd:YAG fiber t2 may be 
substantially shorter than an absorption length in that material, the plural passes permit the absorption of a 
substantial percentage of the pump source illumination within the Nd:YAG fiber 12. Additionally, the end 
faces 22 and 29 of the amplifier structure may be coated with a highly reflective coating which is 

40 transparent to light at the signal frequency, but which reflects the pump light, so that any pump light which 
is not absorbed by the Nd:YAG during the first traverse through the amplifier structure is reflected for 
additional passes therethrough. 

As shown in Figure 7, each of the light sources 24 preferably comprises a microlens 50 and a 
miniaturized light emitting device 52, preferably a high power laser diode, which produces light in one of the 
high absorption regions, such as the 800 nm region for Nd:YAQ as shown in Figure 8. As is well known in 
the art. microlenses are extremely small optical glass rods having focusing properties due to gradients of 
refractive index from center to periphery. They are available in various lengths, diameters, focal lengths, 
and acceptance angles under the brand name Selfbc Microlenses from Nippon Sheet Glass Company, Ltd., 
New Jersey office, 136 Central Avenue, Clark, New Jersey. In the preferred embodiment, the microlens 50 
has a focal length of about 1 mm. The laser diode 52 is mounted on the microlens 50 with the laser diode 
junction close to the input face of the lens 50, and the lens properties are selected to collimate the light 
produced by the laser diode. Mounting of the laser diode 52 on the lens 50 may be accomplished by any 
suitabl means, such as an adhesive or a mechanical mount Th lens, in turn, may be mounted on the face 

55 22 of the cone shaped jacket 14, for example, by means of optical cement If desired, several laser diodes 
52 may be "stacked" on a single lens 50 to further increase the power. In such case, the diodes may be 
placed one on top of another, with the lengthwise sides of the diodes touching each other. Further, while the 
drawings show three such light sources 24 mounted on the face 22, it will be understood that more or less 
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sources 24 may be utilized. 

Those skilled in the art will recognize that, if the particular diodes used as the laser diodes 52 have a 
poor degre of spacial coherence or are multimod , it will generally be impractical to make the length of the 
emitting area (i.e., the dimension parallel to the laser diode junction) much larger than th overall radius r e - 
s (Figure 4) of the amplifier in the interaction region 28; otherwise radiation losses may occur due to 
diffraction caused by the spacial incoherence or due to higher order modes becoming unguided. Unfortu- 
nately, present commercially available, high power laser diodes are typically either muftimode, or have a 
relatively poor spacial coherence, or both. It is expected that this situation will be alleviated as advances are 
made in laser technology. 

to . Referring to Figures 1, 2 and 7. it will be understood that the laser diodes 52 may be utilized without 
collimating lenses 50, so that light is input to the face 22 directly from the diodes 52. In such case, 
however, the transmission losses will typically be greater than with a collimating lens, since laser diodes 
generally emit light in a diverging pattern, and some of the diverging rays may exceed the critical angle 
with respect to the walls of the cone shaped transition portion 20, thereby causing radiation losses. Tests 

is indicate that with uncoliimated input beams (no microlens), transmission through the cone (i.e. the fraction 
of input light coupled to the interaction region 28) will be no more than about 10 per cent, while for 
collimated light (with microlenses) the transmission will be increased to about 70 per cent, or better. Thus, 
use of the collimating microlenses 50 in combination with the laser diodes 52 is highly advantageous. 

For uncoliimated fight (no microlens), transmission through the cone shaped portion 20 appears to be 

20 substantially independent of the location of the laser diode on the face 22. However, in one experiment, it 
was found that for collimated light (with the microlens 50), transmission through the cone shaped portion 20 
increased to a maximum as the light source 24 was moved away from the axis 40 (Figures 2 and 3) towards 
the periphery of the face 22. The optimum transmission position may be found by sliding one of the light 
sources 24 radially outward from the cone axis 40 on the face 22 until the power transmission, as measured 

25 at the end face 29, is at a maximum. This source 24 may then be permanently mounted in this position. 
The same process may be utilized to locate the other sources 24. In addition, for optimum transmission 
when the diodes 52 are offset from th© axis 40 (Figures 2 and 3), it is preferably to orient each diode 52 so 
that the maximum dimension (i.e. length) of its emitting area is normal to an imaginary radial line 68 on the 
planar face 22, which passes through the axis 40, as shown in Figure 2. 

30 Thus, the cone shaped jacket 14 permits a high amount of optical power to be coupled to the 
interaction region 28, and thus, to the fiber 12, particularly when used in combination with high power laser 
diodes and collimating microlenses. Such high optical pump power increases excitation of the Nd:YAG fiber 
1 2 and thereby enhances amplification. 

Referring now to Figure 8, which is a diagram of the absorption spectrum of Nd:YAG crystal at 300 * K, 

as it can be seen that the Nd:YAG material has a relatively high optical density, and thus a short absorption 
length, at selected wavelengths. For this reason, it is advisable to select the pumping illumination sources 
24 (Figure 1) to emit radiation at one of these frequencies in order to maximize the absorption of the 
pumping illumination in the Nd:YAG fiber 12, and thus, to allow the length 27 of the fiber 12 to be as short 
as possible while still permitting substantially complete absorption of the pumping illumination within the 

40 amplifier structure. Those skilled in the art will understand that it is advantageous to make the fiber 12 as 
short as possible to reduce propagation losses of the signal S ( through the fiber 12. As can be seen from 
Figure 8, the wavelength .58 microns is well suited for the illumination sources 24, although the wavelengths 
.75 and .81 microns are also relatively well suited. 

Referring now to Figure 9A, which is an energy level diagram for the Nd:YAG crystal, it will be 

45 understood that, when pump light at the absorption wavelength, described above, is absorbed by the 
Nd:YAG crystal, the neodymium ions are excited from the ground state to the pump band. From the pump 
band, the ions quickly relax, through phonon interactions, to the upper laser level. From this upper laser 
level, the neodymium ions will fluoresce to the lower laser level. From this latter level, a final, rapid phonon 
relaxation occurs to the ground state. This latter rapid relaxation in a four-level laser system of the type 

so shown in Figure 9A is advantageous, as it provides a practically empty lower energy level. This feature is 
shown in Figure 9B, in which the population densities at the pump band, upper laser level, lower laser level, 
and ground state are shown for an Nd:YAG fiber during continuous pumping. Because the rate of 
fluorescence between the upper and lower laser levels is relatively slow in comparison with the phonon 
relaxation between the pump band and the upper laser level, as well as between the lower laser level and 

55 the ground state, the population density at the upper laser level is substantially higher than that at the lower 
laser level, yielding a high inversion ratio. The average lifetime of the upper laser level, prior to stimulated 
emission, is 230 microseconds. 

Figure 10 illustrates, in greater detail, the multiple energy states of Nd:YAG material, as well as the 
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laser transition of this material, which is used as an example in the following discussion. 

An input light signal at the laser transition wavelength (e.g. 1.064 microns), i.e., one of the wavelengths 
of light emitted by the Nd:YAG ions during relaxation between the upper and the lower laser levels, traveling 
through the excited laser fiber 12 (Figure t) will trigger the emission of stimulated photons at the same 

5 frequency, coherent with the signal, and the signal is thereby amplified. Thus, the passage of light at this 
frequency will cause a photon emitting relaxation between the upper lasing level and lower energy level of 
Figure 9A, in phase with the light signal to be amplified, yielding an effective gain for the input light signal. 

The gain which can be achieved in the amplifier of this invention is dependent upon the density of the 
inverted neodymlum ion population within the Nd:YAG crystal. 

w Theoretical calculations of the small signal gain per unit length go of the amplifier of this invention can 
be made, using the relation gO = <rAN, where a Is the effective stimulated emission cross section, for 
Nd:YAG, about 3.0 x 10" t9 cm 2 for the 1.06 micrometer transition, and AN is the population inversion 
density given by: 

AN -l2_ t£ (6) 



where P p Is the total absorbed pump power absorbed by the signal fiber 12, V is the crystal volume and 
20 thus, Pp/V is the total absorbed pump power per unit of fiber volume, t f is the fluorescence lifetime of the 
upper laser level 2 of Figure 5A f that Is, the 230 microsecond fluorescence relaxation time of the 
neodymium ions, and h* p is equal to the. pump photon energy. 

The gain y 0 of an amplifier fiber of length L may be expressed as: 
7o = go L (7) 

Combining the above relationships, it may be seen that the gain y 0 is: 

P JL ll (8) 



25 



30 



y Q - a a hv p 



where A is the cross sectional area of the amplifier fiber. 

It should be recognized that the value P p is the absorbed pump power and that an increase in the 
length of the fiber 12 does not necessarily increase the gain. Thus, if the length of the fiber 12 is sufficient 

35 so that the pumping radiation passing through the Nd:YAG fiber is essentially completely absorbed, then 
the value P p in this equation may be replaced by the input pump power. For a typical pump photon 
wavelength of .81 micrometers, the value of ? 0 is equal to 0.01 dB for P p equal to 1 milliwatt in a fiber 
having a 120 micron diameter. To obtain the net gain, however, one must subtract from 70 the fiber 
propagation losses at 1.06 micron experienced by the signal as it propagates through the fiber 12. A fiber 

& loss of 100 dB per kilometer would reduce the gain by only 0.001 dB per centimeter. Thus, if the overall 
length of the amplifier can be maintained relatively short, as by arranging to have most of the pump power 
substantially absorbed over a short length of fiber, the propagation losses within the amplifier can be 
maintained at a low level. 

It will be recognized that the pumping light from the sources 24 which enters the interaction region 28 
46 will tend to be initially absorbed adjacent the end t EL and thus the length 27 of the interaction region of the 
fiber 12 may not be uniformly illuminated by the sources 24. Thus, the inverted population of neodymium 
ions may not be symmetrically distributed along the length 27, To compensate for this non-symmetry, it 
may be advantageous to pump the quartz jacket 14 at both ends simultaneously to assure that the inverted 
neodymium ion population will be symmetrical along the length 27 of the fiber 12. Also, pumping from both 
so ends will yield more pump power in the jacket 14, and thus, more gain. 

Accordingly, as shown in Figure 11, the jacket 14 may include a second cone shaped transition portion 
20' having a large end face 22' upon which plural light sources 24' are mounted. The cone shaped portion 
20' may b identical to the cone shaped portion 20, and the sources 24'may be identical to the sources 24. 
Thus, with the arrangement of Figure 11. pump light is input to both ends 22, 22' of the jacket 14, and the 
55 cone shaped portions 20. 20' focuses this pump light for introduction into the interaction region 28 from 
opposite ends thereof. 

It sh uld also be recognized that the pumping illumination supplied from the pump sources 24 and 24 
to the Nd:YAG fiber 12 should be sufficient, on a continuing basis, to replace the depleted population within 
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the fiber 12 which occurs when the signals are amplified. Thus, for example, in a gyroscope where a pulse 
signal circulates through a kilometer of fiber, the counter-propagating signals will traverse the amplifier 
approximately once each five microseconds. If continuous pump sources are used, they should provide 
sufficient output so that, during each five-microsecond period, they are capable of reinverting the 
5 neodymium ion population which has relaxed during each successive traverse of the signals, to reinvert a 
population equal to that which has relaxed, such that the amplifier gain experienced by the signals will 
remain relatively constant. 

It should also be recognized that the structures shown in Figures 1 or 1 1 will provide an oscillator or 
source for illumination at the laser frequency of the Nd:YAG fiber if the ends, (e.g. the ends 30 and 32 of 

io Figure 1 or the ends 30 and 30' of Figure 11) are properly mirrored. Thus, by placing a mirror on the end 
30 (Figures 1 and 11) of the fiber 12 which reflects nearly 100% of illumination at the laser frequency and 
by placing a second mirror on the other end (e.g. the end 32 of Figures 1 and 30' of Figure 11) of the fiber 
12 which reflects a lower percentage of illumination at the same frequency, the structures shown in Figures 
1 and 11 may be used as a fiber laser source, with coherent light waves reflected back and forth through 

is the fiber 12, and being emitted through the partially reflective mirror at the end 32, as coherent wave fronts 
of light at the laser frequency for the fiber. 

When the structure, shown in Figures 1 and 11 are used as a laser source, the pumping sources 24 
(Figures 1 and 11) and 24 (Rgure 11) may provide steady state light output at the pumping wavelength, in 
which case a steady state continuous light output will be provided by the fiber source. If, on the other hand, 

20 the pumping light from the light sources 24 and 2^' is modulated, a modulated output may be produced 
within the structures of Figures 1 and 11. 

The cone shaped jacket 24 may be manufactured using a hollow quartz rod having a diameter equal to 
the diameter of the large end portion 16. The rod is heated in a high temperature flame and quickly pulled 
apart, reducing the diameter of the rod such that the fiber 12 fits therein. The ends of the rod are then 

25 cleaved and the hollow spaces in the rod are then filled with an index matching material having a refractive 
index equal to that of the quartz rod. The end faces 22, 29 are formed utilizing e.g. minature optical glass 
plates which are bonded or attached by other suitable means to the ends of the rod. Those skilled in the art 
will recognize that the foregoing process Is a laboratory technique and that more sophisticated manufactur- 
ing techniques are also available. 

30 

Claims 

1. A fiber optic device for producing coherent light, characterized by: 
35 a light source (24) for producing collimated pump light 

an optical fiber (12), for guiding an optical signal, said fiber (12) formed of a laser material, and having a 
first refractive index; 

a jacket (14), surrounding at least a portion of said optical fiber (12), and having a second refractive index, 
said jacket (14) comprising: 
40 a first end (16) for receiving said pump light; 

a second end (18), having a diameter smaller than said first end (16); and 

a transition portion (20), between said first and second ends (16, 18), for focusing said pump light from said 
first end (16) to said second end (18), said second index of refraction lower than said first index of refraction 
to cause said focused pump light to refract from said jacket (14) into said fiber (12) to cause inversion of 
45 the electronic population of said laser material to permit said optical signal to stimulate the emission of 
photons from said laser material. 

2. A fiber optic device for producing coherent light, as defined in Claim 1, further characterized in that 
the thickness of said jacket (14) at said second end (18) is no more than one-half the radius of said optical 
fiber (12). 

50 3. A fiber optic device for producing coherent light, as defined in Claim 1, further characterized in that 

said light source (24) is mounted to introduce said pump light into said first end (16) at a location which is 

radially offset from said optical fibers (12). 

4. A fiber optic device for producing coherent light, as defined in Claim 3, further characterized in that 

said pump light source comprises a high power laser diode (52), oriented such that the lengthwise direction 
55 of the emitting area is normal to a radial line (68) passing through the central longitudinal axis (40) of said 

jacket (14). 
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5. A fiber optic device for producing coherent light, as defined in Claim 1 , further characterized in that 
said collimated pump light source (24) comprises a high power laser diode (52) and a collimating microlens 
(50). 

6. A fiber optic device for producing coherent light, as defined in Claim 1 , further characterized in that 
5 said jacket (14) is symmetrical about its central longitudinal axis (40), and said optical fiber (12) lies along 

x the central longitudinal axis (40) of said jacket (14). 

7. A fiber optic device for producing coherent light, as defined in Claim 1, further characterized in that 
said jacket (14) provides a cladding for guiding said optical signal within said optical fiber (12). 

8. A method of side pumping an optical fiber (12) formed of a laser material to cause inversion of the 
ro electronic population of said material, said method characterized by: 

surrounding said optical fiber (12) with a jacket (14) having an index of refraction lower than said optical 
fiber, said jacket (14) having a cross section at one end (16) which Is large compared to the cross section at 
the other end (18) ; 

introducing collimated pump light into said one end (16) of said jacket; 
is focusing said pump light from said one end (16) of said jacket (14) to said other end (18) ; and 

refracting said focused pump light from said other end (18) into said optical fiber (12) along the periphery 
thereof to cause said population inversion. 

9. A method of side pumping an optical fiber, as defined by Claim 8, further characterized in that the 
thickness of said jacket (14) at said other end (18) is less than one-half of the radius of said optical fiber 

20 (12). 
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ABSTRACT: 

A tunable source of narrowband coherent radiation comprises a pulsed pump laser (10), an 
optical parametric oscillator or amplifier (12) and a so-called master oscillator (14). The 
narrowband output radiation of the master oscillator serves as seed radiation which is injected 
into the optical parametric oscillator or amplifier (12). In order to obtain a beam profile of the 
emitted output radiation as homogeneous as possible, optically imaging elements (28) are 
arranged in an optical delay line (24) for the partial pulses which pump the optical parametric 
oscillator or amplifier, which transform the spatial beam profile at the output (30) of the pump 
laser (10) with respect to amplitude, phase and, preferably, the divergence, too, into the crystal of 
the optical parametric oscillator or amplifier. 
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Prfifungsantrag gem. § 44 PatG ist gestellt 

@ Schmalbandige, abstimmbare Quelle kohSrenter Strahlung 

© Eine schmalbandige, abstimmbare Quelle fur koharente 
Strahlung weist einen Pumplaser (10), elnen optisch-para- 
metrischen Oszillator odar Verstarker (12) und einen soge- 
nannten Master-Oszillator (14) auf. Schmalbandige Aus- 
gangsstrahlung des Waster-Oszillators dient als Seed-Strah- 
lung, die in den optisch-parametrischen Oszillator Oder 
Verstarker (12) injiziert wird. Urn ein moglichst homogenes 
Strahlprofil dor emittierten Ausgangsstrahlung zu erreichen, 
sind in ainer optischen Verzdgerungsstracke (24) fQr den 
opti8ch-parametri8chen Oszillator Oder Verstarker pumpen- 
de Teilimpul8e optisch ebbildende Eiemente (28) angeord- 
nat die das r&umliche Strahlprofil der Pumpimpulee am 
Ausgang (30) das Pump lasers (10) hinsichtlich Amplitude, 

u Phase und vorzugsweise such der Divergenz in dan Kristall 
des optlsch-parametrischen Oszillators odar Verstarkere 

f transformieren. 
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Beschreibimg verwendet, zumeist gUtegeschaltete NdrYAG Laser mit 

instabilcn Resonatoren, nachgeschalteten Verstarkern 

Die Erfindung betrifft eine schmalbandige, abstimm- und anschlieBender Frequenzverdoppelung oder -ver- 

bare Quelle koharenter Strahlung mit dreifachung. Bei solchen Pumplasern (und auch anderen 

5 Pumplasern) ist das raumliche Strahlprofil direkt am 

— einem gepulsten Pumplaser zur Erzeugung von Laseraustritt noch relativ homogen. Aufgrund von Beu- 
Pumpirnpulsen, gungseffekten nimmt aber die raumliche Homogenitat 

— einem optisch-parametrischen Oszillator oder des Ausgangsstrahles des Pumplasers nach einigen Me- 
Leistungsverstarker mit zumindest einem Kristall tern stark ab. Erst im sogenannten Fernfeld (nach deut- 
aus optisch nichtlinearem Material, to Uch mehr als 10 Metern Ausbreitung des Strahls) ver- 

— einem Master-Oszillator zur Erzeugung schmal- bessert sich die Strahlhomogenitat wieder, und die In- 
bandiger Strahlung, die als Seed-Strahlung in den tensitatsverteilung Qber den Querschnitt des Strahls 
optisch-parametrischen Oszillator oder Leistungs- entspricht dann annahernd einer Gaufl-Kurve. 
verstirker injiziert wird, Die oben angesprochene optische Verzdgerungs- 

— einem Strahlteiler zum Zerlegen der Pumpim- 15 strecke fiir den Teilimpuls, der den Kristall des OPO 
pulse in erste und zweite Teilimpulse, wobei die pumpt muB aufgrund der Gegebenheiten (insbesondere 
ersten Teilimpulse den Master-Oszillator oder Lei- der Anschwingzeit des Master-Oszillators) im Bereich 
stungsverstarker pumpen und die zweiten Teilim- von einigen Metern liegen. 

pulse nach Durchlauf en einer optischen Verzoge- Der Erfindung liegt die Erkenntnis zugrunde, daB die- 

rungsstrecke den optisch-parametrischen Oszilla- 20 se erzwungene VerzOgerungsstrecke im Bereich von ei- 

tor oder Leistungsverstarker pumpen nigen Metern dazu fuhrt, daB aufgrund des inhomoge- 

nen Strahlprofils des pumpenden Teilimpulses es zu ei- 

Gepulste, abstimmbare, schmalbandige Quellen fur ner inhomogenen Anregung des Kristalls im optisch-pa- 

koharente Strahlung sind insbesondere bekannt aus der rametrischen Oszillator kommt und demzufolge auch zu 

DE4219169A1 und auch aus der Produktbroschure 25 einem inhomogenen Strahlprofil der schmalbandigen 

der Firma LAMBDA PHYSIK aber das Produkt Ausgangsstrahlung des optisch-parametrischen Oszilla- 

SCANMATE (mit SCANMATE OPO) aus dem Jahre tors. Daruber hinaus haben die vorstehend genannten 

1994. Inhomogenitaten im pumpenden Strahlprofil auch loka- 

Den Stand der Technik reprasentieren auch die Auf- le Intensitatsspitzen zur Folge, die Zerstdrungen von 

satze von W.R. Bosenberg u. a, in Journal Opt Soc Am. 30 optischen Komponenten nach sich ziehen konnen. Auch 

B 10, S. 1716 (1993), und von A, Fix u. a. Journal Opt Soc. konnen Inhomogenitaten ira Strahlprofil des den Kri- 

Am. B 10, S. 1744 (1993) und auch die US Patente stall des OPO pumpenden Teilimpulses selbst lokale 

5,053,641 und 5,047,668. Zerstdrungen im OPO-Kristall zur Folge haben. 

DieDE42 19 169 AI beschreibt eine Laseranordnung Der Erfindung liegt die Aufgabe zugrunde, eine 

zur Erzeugung absnnunbarer,schmalbandigerkoharen- 33 schmalbandige, abstimmbare Quelle koharenter Strah- 

ter Strahlung mit einem sogenannten Master-Oszillator lung der eingangs genannten Art so auszubilden, daB die 

und einem optisch-parametrischen Oszillator (auch als Homogenitat der Ausgangsstrahlung verbessert ist und 

OPO bezeichnet). Der Master-Oszillator dient zum so- die Gefahr der Zerstorung von optischen Komponenten 

genannten "Seeden* (Anregen) des opdsch-parametri- vermindertist 

schen Oszillators. Hierzu wird die spektrale Bandbreite 40 ErfindungsgemaB wird diese Aufgabe dadurch gelost, 

der Ausgangsstrahlung des Master-Oszillators mittels daB im StraWengang zwischen dem Pumplaser und dem 

einer welleniangenselektiven Einrichtung reduziert und optisch-parametrischen Oszillator optisch abbildende 

dann in den optisch-parametrischen Leistungsoszillator Elemente angeordnet sind, die das raumliche Strahlpro- 

als sogenannte Injektions-Strahlung (ablicherweise als fil der zweiten Teilimpulse, so wie es am Ausgang des 

Seed-Strahlung bezeichnet) eingegeben. In dteser be- 4s Pumplasers vbrliegt/ hinsichtlich der Amplitude und 

kannten Anordnung ist auch der Master-Oszillator ein Phase in den Kristall des optisch-parametrischen Oszil- 

OPO. Beide optisch-parametrischen Oszillatoren wer- lators oder des optisch-parametrischen Leistungsver- 

den mittels desselben Pumplasers gepumpt Zu diesem starkers abbilden. Bevorzugt wird das Strahlprofil der 

Zweck werden die Pumpimpulse des Pumplasers mittels zweiten Teilimpulse, so wie es am Ausgang des Pumpla- 

mindestens eines Strahlteilers in zwei Teilimpulse auf- 50 sers vorliegt, nicht nur hinsichtlich der Amplitude und 

geteilt, die in der Regel unterschiedliche Energien auf- Phase, sondern auch hinsichtlich der Diyergenz des 

weisen. Urn mit einer solchen bekannten Anordnung Su-ahlprofds getreu in den Kristall des optisch-parame- 

schmalbandige Ausgangsstrahlung zu erzeugen, ist es trischen Oszillators oder des optisch-parametrischen 

notwendig, daB die im Master-Oszillator erzeugte Leistungsverstarkers abgebildet In diesem Falle erfolgt 

schmalbandige Seed-Strahlung den Leistungsoszillator 55 die Abbildung im MaBstab 1 : 1. Der Kristall wird also 

etwa zu einem Zeitpunkt erreicht, zu dem auch der Teil- mit einem Strahl gepumpt dessen Profil im Kristall dem 

impuls des Pumplasers den Kristall des optisch-parame- Strahlprofil am Ausgang des Pumplasers mdglichst 

trischen Leistungsoszillators pumpt Aufgrund der end- weitgehend entspricht 

lichen Anschwingzeit des Master-Oszillators (typischer- Die Erfindung laBt sich sowohl mit optisch-parametri- 

weise einige Nanosekunden) ist eine optische VerzSge- 60 schen Oszillatoren (OPO) als auch mit optisch-parame- 

rungsstrecke im Strahlengang desjenigen Teilimpulses, trischen V rstarkern (OP A) verwirklichen. Letztere 

der den Leistungsoszillator pumpt erforderlich, urn der (OPA) werden bisweilen auch als optisch-parametrische 

Anschwingzeit Rechnung zu tragen und dafUr zu sor- Leistungsverstarker bezeichnet Ein w ptischparametri- 

gen, daB der Pumppuls und der Seed-Puls den Kristall scher Oszillator (OPO)* ist ein optisch-parametrischer 

zeitlich richtig synchronisiert erreichen. Di Impulsdau- 65 Verstarker, urn d n ein Resonator aufgebaut ist (ahnlich 

er des den OPO-Kristall pumpenden Teilimpulses liegt wie ein Laser). Ein "optisch-parametrischer Verstarker 

typischerw ise im Bereich einiger Nanosekunden. (OPA) w hingegen weist im allgemeinen keinen Resona- 

Als Pumplaser werden h ute weithin NdrYAG Laser tor auf, vielmehr wird er zur Lichtverstarkung g nutzt 
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ahnlich wie ein Lasermedium. Wie eingangs bereits er&utert ist, betragt die optische 

GemaS einer bevorzugten Ausgestaltung der Erfin- Ver26gerungsstrecke24 aufgrund der geforderten Zeit- 
dung liegen die optisch abbildenden Elemente in der verzogerung in aller Regel einige Meter, was zur Folge 
Verzdgerungsstrecke der den Kristail des OPO oder hat, daB der den Kristall des OPO pumpendeTeilimpuls 
OPA pumpenden Teilimpulse. 5 22 keine gute raumliche Homogenitat (am Kristall) auf- 

Eine bevorzugte Ausgestaltung der Erfindung sieht weist. Dies hat zur Foige, daB auch die schmalbandige 
vor, dafl die optisch abbildenden Elemente zwei linsen Ausgangsstrahlung 32 des optisch-parametrischen Os- 
aufweisen. zillators entsprechend inhomogen ist 

Es ist auch maglich, die Erfindung dadurch zu ver- Urn dem abzuhelfen, wird das Strahlprofil des Pump- 
wirklichen, daB die optisch abbildenden Elemente einen to strahls hinsichtlich Amplitude, Phase und Divergent so 
phasenkonjugierenden Spiegel enthalten. Das Prinzip wie es direkt am Ausgang30desPumplasers 10 vorliegt, 
der Phasenkonjugation ist dem Fachmann als solches mittels optisch abbildender Elemente 28 auf bzw. in den 
bekannt Als phasenkonjugierender Spiegel kann bei- KristaU des optisch-parametrischen Oszillators 12abge- 
spielsweise ein Medium verwendet werden, das starke bildet Die optisch abbildenden Elemente sind in Fig. 1 
stimulierte Brillioun-Streuung (SBS) aufweist, beispiels- 15 schematisch mit dem Bezugszeichen 28 angedeutet Sie 
weise CS2 oder Freon. liegen in der Verzdgerungsstrecke 24 des Teilimpulses 

Auch ein Raumfilter kann fur die optisch abbildenden 22. 
Elemente vorgesehen seia Fig. 2 zeigt eine bevorzugte Ausgestaltung der op- 

Nachfoigend werden AusfOhrungsbeispiele der Erfin- tisch abbildenden Elemente 28, namlich in Form zweier 
dung anhand der Zeichnung naher eriautert Es zeigen 20 Iinsen 28a, 28b. Die ubrigen, funktionsgleichen Bauteile 
schematisch: sind mit Fig. 1 entsprechenden Bezugszeichen versehen, 

Fig. 1 ein erstes Ausfuhrungsbeispiel einer schmal- so daB sich eine nochmalige Beschreibung erubrigt Die 
bandigen, abstimmbaren Quelle fOr koharente Strah- zwei Linsen 28a, 28b sind so angeordnet, daB ihr Ab- 
lung und ^ stand d etwa der Summe ihrer beiden Brennweiten f| 

Rg.2 bis 4 weitere AusfOhrungsbeispiele solcher 25 und f 2 entspricht Sie sind so angeordnet, dafl die Eigen- 
Quellen. schaften des Strahlimpulses unmitteibar am Ausgang 30 

GemaB Fig. 1 ist ein Pumplaser 10 vorgesehen, bei des Pumplasers 10, namlich die elektrische Feldvertei- 
diesem Ausfuhrungsbeispiel ein Nd : YAG Laser mit ei- lung und die Strahldivergenz, weitestgehend in den Kri- 
nerBandbreite von weniger als 0,01 cm" 1 bei355nm. stall des optisch-parametrischen Oszillators transfor- 

Die Ausgangsstrahlung des gepulsten Pumplasers 10 30 raiert (abgebiidet) werden. 
wird mittels eines Strahlteilers 18 in zwei Teilimpulse Fig. 3 zeigt eine Abwandlung der zuvor beschriebe- 
aufgeteilt, einen ersten, schwScheren Teilimpuls 20, der nen AusfOhrungsbeispiele, bei der ein phasenkonjugie- 
einen sogenannten Master-Oszillator 14 pumpt, und in render Spiegel 32 verwendet wird Als phasenkonjugie- 
einen zweiten, stSrkeren Teilimpuls 22, der den optisch- render Spiegel kann 2. B. ein Medium verwendet wer- 
parametrischen Oszillator pumpt Statt des optisch-pa- 35 den, das starke stimulierte Brillioun-Streuung (SBS) auf- 
rametrischen Oszillators kann auch ein optisch-parame- weist, wie etwa CS2 oder Freon. Ein solches SBS-Medi- 
trischerLeistungsverst5rkereingesetzt werden. um wirkt oberhalb einer bestimmten energetischen 

Der erste Teilimpuls 20 der Pumpstrahlung wird auf Schwelle als Spiegel, der nicht nur die Ausbreitungsrich- 
den Master-Oszillator 14 gerichtet Beim hier beschrie- tung der Strahlung andert, sondern auch die Phasenfla- 
benen Ausfuhrungsbeispiel ist der Master-Oszillator 14 40 che der einfallenden elektromagnetischen Welle inver- 
eine Anordnung aus einer Farbstoffzelle (nicht gezeigt), tiert, letzteres wird als "Phasenkonjugation" bezeichnet. 
einem Strahlaufweiter (nicht gezeigt) und einem Gitter Dies hat zur Folge, daB Phasenveranderungen in der 
(nicht gezeigt), sowie einem SpiegeL Der Master-Oszil- elektromagnetischen Feldverteilung, die bei der Aus- 
lator ist also ein Farbstofflaser, dessen Bandbreite durch breitung der Strahlung Ober eine bestimmte Strecke L 
ein Gitter stark reduziert ist Ein solcher Master-Oszilla- 45 auftreten, nach einer Reflexion an dem phasenkonjugie- 
tor ist als solches im Stand der Technik bekannt (vgl. die renden Spiegel und nach erneutem Durchlaufen der 
obengenannte ProduktbroschQre von LAMBDA PHY- Strecke L wieder aufgehoben sind. Stellt man also einen 
SIK). phasenkonjugierenden Spiegel im Abstand L vor den 

Der den OPO pumpende Teilimpuls 22 durchlauft ei- Ausgang des Pumplasers 10, wird der Pumpstrahl re- 
ne optische Verzdgerungsstrecke 24 und wird fiber ei- so flektiert, und das rlumliche Strahlprofil, wie es am Aus- 
nen Spiegel 26 auf den Kristall gerichtet. Der Kristall gang des Pumplasers 10 vorgeiegen hat, wird im reflek- 
des optisch-parametrischen Oszillatars 12 ist hier nicht tierten Strahl nach Durchlaufen der Strecke L genau 
naherdargestellt,daderoptisch-parametrischeOszilla- reproduziert. Beim Ausftthrungsbespiel gemafl Fig. 3 
tor 12 als solches ebenfalls dem Stand der Technik ent- wird dies dadurch verwirklicht, daB das linear polarisier- 
spricht Der optisch-parametrische Oszillator gibt 55 te Licht des vom Pumplaser 10 abgegebenen Pumpim- 
schmalbandige koharente Strahlung ab, die durch Ein- pulses an einem Polarisationsstrahlteiler 26a reflektiert 
stellung der Orientierung des Kristalls in Bezug auf die wird und danach eine ViertelwellenlMngenplatte 34 
Pumpstrahlenabstimmbarist durchlauft, die aus der linear polarisierten Pumpstrah- 

In als solches bekannter Weise wird die schmalbandi- lung zirkuiar polarisierte Strahlung macht Der Pump- 
ge Ausgangsstrahlung des Master-Osziilators 14 als so- go impuls trifft dann auf den phasenkonjugierenden Spie- 
genannte Seed-Strahlung in den Kristall des optisch-pa- gel 32, der den Pumpimpuls reflektiert und die Phasen- 
rametrischen Oszillators 12 injiziert fiache umkehrt Ein erneutes Durchlaufen der Viertel- 

Um das Eintreffen des pumpenden Teilimpulses 22 wellenlangenplatte dreht die Polarisation des reflektier- 
am Kristail des optisch-parametrischen Oszillators 12 ten Impulses um 900 gegenuber dem einfallenden 
und das Eintreffen der Seed-Strahlung zu synchronisie- 65 Strahl Der Abstand zwischen dem Ausgang 30 des 
ren, durchlauft der Teilimpuls 22 die ptische Verzdge- Pumplasers 10 und dem phasenkonjugierenden Spiegel 
rungsstrecke 24, die in den Figuren schematisch ange- 32 ist so gewahlt, daB er gleich dem Abstand zwischen 
deutet ist dem phasenkonjugierenden Spiegel 32 und dem Kristall 
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des optisch-parametrischen Oszillators (OPO) oder des 
optisch-parametrischen Verstarkers (OPA) ist Dies be- 
wirkt, daB das Strahlprofil vom Ausgang30 des Pumpla- 
sers direkt in den OPO- oder OPA-Kristall reproduziert 
wird. s 

Fig. 4 zeigt eine andere Ausfuhrungsform einer 
schmalbandigen, abstimmbaren Quelle koharenter 
Strahlung, bei der die optisch abbildenden Elemente 
einen Raumfilter enthalten. Der Raumfilter besteht bei 
diesem Ausfuhrungsbeispiel aus zwei Linsen 29a, 29b io 
und einer Blende 36. Das ganze bildet ein Raumfilter 
28a Die GroBe der Blende 36 ist so gewahlt, daB bei 
einer Fokussierung des Pumpimpulses durch die erste 
Linse 29a moglicherweise auftretende Nebenmaxima in 
der raumlichen Intensitatsverteilung durch die Blende 15 
36 abgeschnitten werden, so daB nur das zentrale Maxi- 
mum der Intensitatsverteilung ungehindert die Blende 
passieren kann. Da der Abstand der beiden Linsen 29a, 
29b wieder so wie in Fig. 2 gewahlt ist, wird das raumli- 
che Strahlprofil vom Pumplaserausgang 30 weitestge- 20 
hend unverfalscht in den OPO/OPA-Kristall abgebildet, 
wodurch bei geeigneter Wahl des Druchmessers der 
Blende 36 die Strahlhomogenitat noch weiter verbessert 
werden kann. 

25 

PatentansprUche 

1. Schmalbandige, abstirarabare Quelle koharenter 
Strahlung mi t 

— einem gepulsten Pumplaser (10) zur Erzeu- 30 
gung von Pumpimpulsen, 

— einem optisch-parametrischen Oszillator 
oder Leistungsverstarker (12) mit zumindest 
einem Kristall aus optisch nichtlinearem Mate- 
rial, 35 

— einem Master-Oszillator (14) zur Erzeu- 
gung schmalbandiger Strahlung (16), die als 
Seed-Strahlung in den optisch-parametrischen 
Oszillator oder Leistungsverstarker (12) inji- 
ziert wird, 40 

— einem Strahlteiler (18) zum Zerlegen der 
Pumpimpulse in erste und zweite Teilimpulse, 
wobei die ersten Teilimpulse (20) den Master- 
Oszillator pumpen und die zweiten Teilimpul- 
se (22) nach Durchlaufen einer optischen Ver- 45 
zdgerungsstrecke (24) den optisch-parametri- 
schen Oszillator oder Leistungsverstarker (12) 
pumpen, 

dadurch gekennzeichnet, daB im Strahlengang 
zwischen dem Pumplaser (10) und dem optisch-pa- 50 
rametrischen Oszillator oder Leistungsverstarker 
(12) optisch abbildende Elemente (28; 28a, 28b; 28c; 
32, 34) angeordnet sind, die das r&umliche Strahl- 
profil der zweiten Teilimpulse (22) vom Ausgang 
(30) des Pumplasers (10) in Amplitude und Phase in 55 
den Kristall des optisch-parametrischen Oszillators 
oder Leistungsverstarkers (12) abbilden. 

2. Schmalbandige, abstimrnbare Quelle koharenter 
Strahlung gemaB Anspruch l v dadurch gekenn- 
zeichnet, daB die optisch abbildenden Elemente (28; 60 
28a, 28b) in der Verzdgerungsstrecke (24) der zwei- 
ten Teilimpulse (22) liegen. 

3. Schmalbandige, abstimrnbare Quelle koharenter 
Strahlung gemaB inem der Anspriiche 1 od r 2, 
dadurch gekennzeichnet, daB die optisch abbilden- 65 
den Elemente zwei Linsen (28a, 28b) aufweisen. 

4. Schmalbandige, abstimrnbare Quelle koharenter 
Strahlung gemaB ein m der Anspruch 1 oder 2, 
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dadurch gekennzeichnet, daB die optisch abbilden- 
den Elemente einen phasenkonjugierenden Spiegel 
(32) aufweisen. 

5. Schmalbandige, abstimrnbare Quelle koharenter 
Strahlung gemaB einem der Anspriiche 1 oder 2, 
dadurch gekennzeichnet, daB die optisch abbilden- 
den Elemente einen Raumfilter (28c) aufweisen. 

6. Schmalbandige, abstimrnbare Quelle koharenter 
Strahlung gemaB einem der vorhergehenden An- 
spriiche, dadurch gekennzeichnet, daB die optisch 
abbildenden Elemente (28; 28a; 28b; 28c; 32; 34) das 
raumliche Strahlprofil der zweiten Teilimpulse (22) 
vom Ausgang (30) des Pumplasers (10) auch bezug- 
lich der Divergenz getreu in den Kristall des op- 
tisch-parametrischen Oszillators oder Leistungs- 
verstarkers (12) abbilden. 
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